Some of the chloroplast 70S ribosomes are seen in electron micrographs to be associated with the thylakoid membranes (5, 9, 19, 28). At least some of these ribosomes must be associated with mRNA, since washed thylakoids are capable of synthesizing proteins when supplemented with soluble factors (1, 2, 8, 20) . Retention in the thylakoids of the newly synthesized peptides provided evidence that the proteins synthesized were discharged into the membranes (2, 20) . From this, it seemed likely that the ribosomes active in vitro were tightly bound to the thylakoids by a nascent peptide chain. The presence of this type of linkage was demonstrated more directly for Chlamydomonas (5) and for pea (28), using puromycin-induced release of the ribosomes in the presence of high salt concentrations (0.5 to 1.0 M KCI) as a criterion.
tion.
In vivo experiments with chloramphenicol and lincomycin indicated a requirement for protein synthesis by the 70S ribosomes both for the llghtinduced shift to the population bound by nascent chains and for the increase in the total thylakoid-bound population. When thylakoids from plants in darkness or exposed to Hght for increasing periods were incubated in an Eschericia coli cell-free protein synthesizing system, 15 minutes of prior illumination in vivo produced a 60% increase in 13Hlleucine incorporation. This stimulation preceded the increase in total bound ribosomes but corresponded in time to observed increases in the ribosomes bound by nascent chains.
A light intensity of 100 micromoles per meter2 per second, but not 25 micromoles per meter2 per second, caused a significant increase in bound ribosomes over a 30-minute period. Strong inhibition in vivo by 3',4'-dichiorophenyl-1, 1-dimethylurea suggests that noncyclic electron flow is essential for light-induced ribosome redistribution.
Some of the chloroplast 70S ribosomes are seen in electron micrographs to be associated with the thylakoid membranes (5, 9, 19, 28) . At least some of these ribosomes must be associated with mRNA, since washed thylakoids are capable of synthesizing proteins when supplemented with soluble factors (1, 2, 8, 20) . Retention in the thylakoids of the newly synthesized peptides provided evidence that the proteins synthesized were discharged into the membranes (2, 20) . From this, it seemed likely that the ribosomes active in vitro were tightly bound to the thylakoids by a nascent peptide chain. The presence of this type of linkage was demonstrated more directly for Chlamydomonas (5) and for pea (28) , using puromycin-induced release of the ribosomes in the presence of high salt concentrations (0.5 to 1.0 M KCI) as a criterion.
The nascent peptide linkages between ribosomes and the thy-lakoids of Chlamydomonas are transitory in vivo under conditions-slow cooling or the presence of a specific inhibitor of initiation (6, 19) -adverse for initiation ofnew chains. In addition, few or no ribosomes were found bound to the thylakoids of synchronized Chiamydomonas cells during the dark period of a diurnal cycle (6) . This loss of ribosomes in darkness was attributed to lower levels of ATP and certain amino acids under the photoautotrophic growth conditions in use (6) .
In chloroplasts of higher plants, energy requirements do not provide a compelling reason for protein synthesis to be directly dependent on light. Substrates for ATP and amino acid synthesis are available to young plants from reserves in the cotyledons and elsewhere, and, indeed, ATP levels of chloroplasts from dark plants were observed to be 40 to 50%7o of those in illuminated plants (25) . Alscher-Herman et al. (2) found that both darkness and anoxia in vivo were needed to effect a major loss of ribosomes from pea thylakoids. In those experiments, the ribosomes reassociated during a subsequent period of illumination in the air.
Similarly, some proteins synthesized entirely or partially by chloroplast ribosomes are present in etioplasts of dark-grown plants and, therefore, do not require light for their synthesis. These include RuBPCase,2 CF1, Cytf, and Cyt b559 (17, 21, 22) . Thus, chloroplast ribosomes, in general, do not need specific activation by light-dependent mechanisms.
However, total protein synthesis by intact plastids in vitro was stimulated by light-driven, cyclic electron flow (23) . Specific and absolute requirements for light during development were found for some thylakoid membrane polypeptides in greening etioplasts (13) . At least one of these polypeptides, the apoprotein of CPI, is known to be synthesized by chloroplast ribosomes (4) . Finally, even without an absolute dependence on light, quantitative increases in the vigor of plastid synthesis due to light are very likely.
In the present work, we report a light-dependent increase in the number and activity of ribosomes bound to pea chloroplast thylakoid membranes, which is probably related to other aspects of the control over chloroplast protein synthesis by light. It has been possible to evaluate to some extent the kinetics ofthe light-induced changes and the effect of light quality and of leaf age on these changes. The involvement of protein synthesis and photosynthetic electron flow have also been assessed.
MATERIALS AND METHODS
Sources. Ascorbic acid, alumina, BSA, chloramphenicol, cycloheximide, DNA (salmon sperm, Na salt), EDTA, EGTA, DTE, DTT, GSH, orange G, puromycin, RNases A and T1, sucrose (low RNase, grade 1), trypsin, and Tween 80 were purchased from 2Abbreviation: RuBPCase, ribulose bisphosphate carboxylase; Cf1, chloroplast coupling factor; CPI, Chl/protein complex I: EGTA, ethylenebis-(amino ethyl ether)-N,N'-tetraacetic acid; CAP, chloramphenicol; DTE, dithioerythritol.
Sigma. Carbowax 4000 powder, diphenylamine, and triisopropylnaphthalene sulfonic acid (Na salt) were from Fisher. DCMU was from Pfaltz and Bauer, lincomycin from the Upjohn Co., Percoll and Ficoll from Pharmacia, tartrazine and acetaldehyde from Aldrich Chemical Co., 8- (27) , either Victoria pure blue BO plus 8-hydroxyquinoline sulfate or tartrazine plus orange G. A deep orange cinemoid filter (No. SA from Kliegl Bros., Long Island City, NY) was also satisfactory for orange light. These secondary filters were placed beneath the primary filter consisting of 10 cm of either 10 or 50 g CUSO4. 5H20 per L in 0.5% H2SO4 (for blue light) or 10 cm of H20 for orange light. The resulting transmission bands had cut-off limits of 400 and 520 nm (blue) and 545 and 690 nm (orange).
Sampling Procedure. Because of some variability in the level of thylakoid-bound ribosomes in plants from different parts of a single flat, shoots were sampled in a predetermined pattern from a grid of 16, 32, or 48 equal portions of the area of the flat. In time-course experiments, plants from three to eight sections of the flat were sampled at each time point. When many samples had to be assayed, leaves or shoots were cut with scissors and immediately immersed in liquid N2. The tissue was crushed, then stored in plastic vials under liquid N2 until thylakoid membranes were isolated. In most experiments, the samples were divided into two to four portions, and thylakoids were isolated separately from each portion to generate replicate data for statistical analysis.
When intact chloroplasts were isolated from fresh tissue, the shoots were cut and then immediately immersed in H20 containing crushed ice. Cheesecloth was used as a sling to remove excess H20 before grinding.
Thylakoid Isolation. Preparation of washed thylakoids by differential centrifugation and sucrose step gradients was described earlier (28) . These are referred to as 'sucrose thylakoids.' Chl was measured by the procedure of Amnon (3) . 'Percoll thylakoids' were prepared from intact chloroplasts isolated on gradients of Percoll, as described in detail elsewhere (L. E. Fish and A. T homogenizer; then 5 ml of 2% triisopropylnapthalenesulfonate, 12%p-aminosalicylate, 70 mm KCI, 10 mm Tris-Cl (pH 7.6 at 40C), 10 mm MgCl2, and 12% isobutanol at0°C were added, and the mixture was homogenized for 10 to 15 s with the Polytron.
Five ml of 10% m-cresol, 0.1% 8-hydroxyquinoline, in liquid phenol saturated with 10 mm Tris-HCI (pH 7.4), were added at room temperature, and the mixture was homogenized for about 10 s. After standing at room temperature for10 min, the mixture was homogenized again for 10 s, then extracted two to four times with chloroform as described previously (15) . RNA was precipitated from the aqueous phase by incubating overnight at -200C with two volumes of ethanol, then collected by centrifugation. The RNA content was estimated in a diluted, redissolved aliquot by measuring the A260, using an extinction coefficient of 22 ml mgcm For extraction of intact RNA from sucrose gradient ribosome peaks, the procedure for washed thylakoids was followed, except that the initial homogenization with Triton medium was omitted. Measurement of Photosynthesis. 02 evolution by 3.5-mm leaf discs cut with a No. 1 cork borer was measured using a Clark type 02 electrode. Twenty leaf discs were stirred rapidly in a 1.8 ml electrode chamber filled with distilled H20 at 25°C. Measurements were taken of respiration rates for 4 min in the dark, both before and after a 20-min illumination period. A saturatinglight intensity of 1,200,umol m2 s -1 (at 400 to 700 nm), measured at the outer surface of the water jacket, was provided by a rheostat-regulated Sylvania Sun Gun.
CO2 fixation as a function oflight intensity was measured for single leaves on intact plants using a water-cooled Plexiglas chamber and a Beckman 315A flowing reference IR gas analyzer. Leaf temperature, continuously monitored with a thermocouple, was maintained at 23.5 ± 0.5°C. Illumination was provided by a General Electric lucalox lamp. Light intensity was decreased by raising the lamp and shading the chamber with layers of clear polyethylene.
Preparation of E. coli Extract and Measurement of Protein Synthesis. Soluble factors needed for protein synthesis by thylakoid-associated ribosomes were isolated as the S-30 fraction of E.
coli strain K-12 mid-log harvest cells, as described earlier (1) .
Incubation conditions for in vitro protein synthesis and measurement of incorporated radioactivity were also the same as those described (1) . precluded isolation of intact chloroplasts but made possible the collection of many samples over a short period of time. The samples were then stored until they could be used for isolation of sucrose thylakoids. Analyses of the RNAs associated with these sucrose thylakoids by polyacrylamide gel electrophoresis showed that substantial amount of RNA from 80S ribosomes were present. Thylakoids prepared from fresh tissue, using the same procedure, were found to contain a similar level of contamination, indicating that neither freezing nor subsequent thawing during homogenization is the cause of the contamination (Table I) . A shorter homogenization time was found to reduce the amount of 80S ribosome RNAs sedimenting with the thylakoids, but, even with a short homogenization time, the contamination was still high.
The period of the first centrifugation, within a useful range of times, did not have a significant effect (Table I) .
To corroborate the estimations of contamination by 80S ribosomes using a different method, sucrose gradient profiles were generated of ribosome material released from thylakoids by 50
,ug/ml of trypsin. The simpler pattern from the Percoll thylakoids (Fig. 1B) indicates greater purity than that found in the complex pattern from sucrose thylakoids (Fig. lC) . Identification of the 70S ribosomal peak was made by comparison with stroma ribosomes (Fig. IA) ; that of the 80S ribosomes was made by comparison with the pattern of total leaf ribosomes, which contain more cytoplasmic than chloroplast ribosomes (Fig. lD) . In addition, subunits generated from stroma ribosomes and total leaf polysomes were separated on sucrose density gradients (data not shown), and their RNA was analyzed by gel electrophoresis; its size was estimated by comparison to rRNA extracted from E. coli and from yeast cells. These procedures permitted positive identifications of the peaks shown in Figure 1, Figure 2 . Total thylakoid-associated RNA reached a maximum within about 50 min after illumination, then remained constant up to the last sampling at 8.5 h into the light period. The low level ofthylakoid-associated RNA in this experiment is related to the advanced age of the plants (see below and "Discussion"). When 1 l-d-old plants were sampled through a 24-h light/dark cycle, a similar pattem was obtained. Following the onset of the dark period, the thylakoid-associated RNA had dropped to its lowest level by the time of the first dark sampling at 30 min. Within the resolution of the experiment, the level of RNA remained constant through the remaining 7.5 h of darkness (data not shown).
Inasmuch as a significant fraction of the measured RNA represented contaminating 80S ribosomes (see above), it was important to know if the extent of their binding followed the same pattem as that of the 70S ribosomes. Accordingly, sucrose thyla- Figure  3 . The level of RNA in the young, folded leaves was dramatically higher than it was in the older leaves, but in all leaves the level of thylakoid-associated RNA increased in response to light (Fig. 4) . The increase in RNA in the lower leaves is not evident in Figure  4 , because of the scale of the graph. The absolute and relative increases are tabulated in Table III . The youngest leaves contain chloroplasts at early stages of development and might be expected to have a greater level of thylakoid-associated ribosomes. However, young chloroplasts have less Chl also, so that expression of the thylakoid-associated RNA in terms of Chl is not a direct measure of the number of thylakoid-associated ribosomes per chloroplast. To clarify this point, the amount of Chl per chloroplast for leaves of different ages was determined for 12-d-old plants. Using the values in Table III for thylakoid-bound RNA, the amount of RNA and the number of ribosomes bound to the thylakoids were calculated per chloroplast. After taking into consideration the difference in the amount of Chl per chloroplast for the different leaves, the number ofthylakoid-associated ribosomes per chloroplast was calculated to be 30-fold higher for the youngest leaf than for the oldest leaf (Table III) .
Effect of Protein Synthesis Inhibitors on the Light-Induced Changes. Our working hypothesis is that the light-dependent increase in the level of thylakoid-associated ribosomes reflects changes in translational and, perhaps, transcriptional activity in the chloroplast. If translational activity by the chloroplast ribo- Figure 3 , and frozen in liquid N2. Average sampling time was 15 min for points in the light and 23 min for points in the dark. The midpoint of each sampling period was used for the graphs. Sucrose thylakoids were isolated and assayed for bound RNA. somes is required for either the light-induced increase or the decrease in darkness of thylakoid-associated ribosomes, then inhibitors ofprotein synthesis by 70S ribosomes should modify these responses. Lincomycin and CAP were applied to plants prior to illumination, either by feeding the inhibitor through cut shoots for 3 h or by spraying the leaves with a solution of the inhibitor in 0.05% (v/v) Tween-80. The light-induced increase in thylakoidassociated RNA in two separate experiments was inhibited 71% by CAP and 51% by lincomycin (Table IV) . In another experiment, CAP inhibited the dark-induced decrease by 52%.
No effect of cycloheximide, with uptake of 70 ,ug/g fresh weight during a 3-h period, could be found on these in vivo responses to light. However, the significance of this result is not entirely clear, because, at the levels used, incorporation of added radioactive amino acids into total protein of the shoot was inhibited only 37% (data not shown).
Effect of Light and of Brief Preillumination on the Increase in Bound Ribosomes and on the High Salt-Sensitive and Puromycin/ High Salt-Sensitive Subpopulations. Puromycin, in the presence of a high concentration of salt, has been used to remove membrane-bound ribosomes that are held to the membrane by a nascent peptide chain (5, 6, 18, 28) . The puromycin causes release of the nascent peptide from the ribosome and high salt functions to disrupt electrostatic bonds which also hold the ribosome to the membrane. Conditions for this release were recently described for pea thylakoids (28) . These criteria-release by high salt or by high salt plus puromycin-were applied to ribosomes of thylakoids from plants harvested in the light or in the dark (Table V) . It is clear in the two experiments shown that the number of ribosomes bound by a nascent chain (defined by the need for puromycin as well as high salt for release) did increase substantially in the light.
The increase was 100%o in experiment 1 and 60%1o in experiment 2 of Fig. 3 ). Tissue samples were homogenized with a Polytron homogenizer in the grinding medium used for isolating sucrose thylakoids. After filtering through cheesecloth, aliquots were used directly for measuring Chl and for counting chloroplasts using a Levy corpuscle counting chamber. Figure 7 . The values for dark-harvested leaves are the mean of two time points; for light-harvested leaves, the mean of the last three points in the light (see Fig. 7 ).
b Typical values for leaves harvested in the light. Dark values would be somewhat lower. (Fig. 5) . In this experiment, the level of bound RNA did not increase during the first 20 min of light, so amino acid incorporation relative to RNA showed a dramatic rise, then declined and leveled out as the amount of bound RNA increased later (Fig. 5) . The transient rise in protein synthesis potential relative to RNA is an expected finding in view of the rapid switch from high salt-to puromycin-sensitive ribosomes on the thylakoid membranes, early in the light period (Table V, experiment 2). In the experiment using white light, essentially identical results were obtained, except that the increase in protein synthesis potential had occurred by the time the first sample was collected at 10 min into the light period (data not shown). Photosynthesis, measured with an IR gas analyzer, saturated at about 2,000 tmol m-2sec-1 for our plants and half-saturated at about 475 ,umol m-2sec' (determined from a double reciprocal plot of the data shown in Fig. 6 ). The light-induced increase in ribosome binding was found to occur at much lower light intensities. A level of 100 ,umol m-2sec', but not 25 ,umol m-2'sec-, was adequate to produce the maximum increase of bound ribosomes within 30 min of illumination (Fig. 6 ). Blue and orange light, provided by broad band-pass filters, were tested for inducing ribosome binding. The light transmitted by the blue filter (410-510 nm) was in a region of minimal effectiveness in the photoconversion of phytochrome. The orange filter (545-690 nm) eliminated the active wavelengths absorbed by blue lightactivated photoreceptors. Flats of peas that had been in darkness were sampled at two or three time points, then illuminated with filtered light and sampled again at three or four time points in the light. The results, summarized in Table VI, (Fig. 6) .
Inhibition by DCMU. The results shown in Figure 6 indicate a fairly low light saturation point and, thus, a low requirement for electron flow. These results do not distinguish between a requirement for ATP and a requirement for reducing electrons. To clarify this point, we examined the effect of DCMU.
The time course of DCMU entry into the chloroplasts of intact plants in light was assessed by measuring 02 evolution from leaf discs cut from plants sprayed with DCMU and 0.4% (v/v) Tween-80 or with just 0.4% (v/v) Tween-80 (Fig. 7) . Complete inhibition Of 02 evolution occurred within 2 h after spraying with DCMU. To insure that the observed inhibition was not a result of entry of DCMU into the cells after cutting of the leaf discs, the leaves were rinsed repeatedly in ice water before the discs were cut. In addition, .umol m-2 sec-1, respectively. Attenuation of light intensity was accomplished using multiple layers of cheesecloth as a screen and adjustment of voltage to the lamps with a rheostat. Samples consisting of only the youngest fully open leaves and the shoot above were frozen in liquid N2. Sucrose thylakoids were isolated separately from four replicates in each group, and RNA was assayed in triplicate for each replicate. Photosynthesis was measured as CO2 fixation by the youngest fully opened leaf of an intact plant, monitored with an IR gas analyzer at five light intensities. sampled at three time points in the dark, illuminated, and then sampled at four or more time points in the light. Shoot or leaf samples were frozen immediately in liquid N2, then used later for isolation ofsucrose thylakoids and measurement of the bound RNA in triplicate. To summarize the data, values for bound RNA in dark samples were averaged, as were those for plants in the light (Fig. 2) (Table VII) . Inhibition of 02 evolution from leaf discs by DCMU was determined in experiment 3 (Table VII) . No 02 evolution was detected at the time of harvest.
DISCUSSION
We used the convenient and rapid enzymic method for measuring total RNA (10) to estimate the number of ribosomes bound to thylakoids, because there is no simple, quantitative method to obtain this estimate more directly. For this procedure to be valid, however, the total RNA has to consist very largely of the rRNA of 70S ribosomes. Nonribosomal RNAs were found to be an insignificant fraction of the total RNA bound to thylakoids (10) . Contamination by 80S ribosomes is essentially absent from intact chloroplasts prepared on Percoll gradients (24) and from the thylakoids extracted from them (Fig. 1) . However, in time-ourse or other experiments that required assay of many samples, this procedure was not used, since time limitations necessitated that some samples be stored for an extended period while the first ones were being processed. We felt that this storage period might introduce complications that would be difficult to assess. For this reason, we used immersion in liquid N2 to stop physiological FISH AND JAGENDORF of Percoll thylakoids. In experiment 3, samples were collected 3.5 h after DCMU application, and again at the time of harvesting illuminated shoots, for use in measuring 02 evolution by leaf discs. Gross rates of 02 evolution were calculated by adding the rate of dark respiration (average of measurements just before and just after illumination) to the observed 02 evolution rates. The control discs showed rates of 14.1 and 15.4,umol 02 per h using 20 discs from leaves harvested from plants in the dark and those in the light, respectively. DCMUtreated leaf discs showed rates of 2.6 and 0.04 at those times for 82 and 100%1o inhibition, respectively. Plants for the individual experiments received the following treatments. In experiment l, after 2 h of light, plants were sprayed with 400 ,lM DCMU then were sprayed twice again during 8 h light. Plants were given 14 h dark, and the dark samples were harvested; plants were given 10 min light, and the light samples were harvested. In experiment 2, after 2-h light, plants were sprayed with 400 ,UM DCMU then were sprayed twice again during 6.5 h light. Plants were given 15 h dark, and dark samples were harvested; plants were given 10 min light, and light samples were harvested. In experiment 3, after 9 h dark, plants were sprayed with 200 flM DCMU then were sprayed again 2.5 h later; 3.5 h after first spray, samples were taken for 02 evolution. Dark samples were harvested after 4.5 (Table II) . The full extent of lightinduced changes was also found when using Percoll thylakoids, thus confirming this conclusion.
The level of thylakoid-bound ribosomes changed in response to both light and dark treatment of the plants. Light typically increased the number of bound ribosomes between 25 and 65% over the dark level. This was true for both the youngest still-folded leaves and the mature expanded leaves (Table III and Fig. 4 ).
When plants were transferred to darkness after a normal 12-or 16-h light period, the number of bound ribosomes returned to the previous dark level (Table IV, If photosynthetic reactions are involved, they seem to require less than full light intensity, since the transition to the higher steady-state ribosome level is effected at intensities approximately 10% of those needed for saturation of photosynthesis (Fig. 6 ). However, a kinetic analysis would be necessary to establish the threshold intensity for the response. Nevertheless, electron transport through the PSII region seems to be required in view of the significant inhibition by DCMU (Table VII) . Although this DCMU effect could have resulted from restriction of the ATP supply, cyclic electron flow would still be supporting ATP synthesis. Indeed, protein synthesis in isolated chloroplasts was supported entirely by ATP from cyclic flow (23) . We think the DCMU inhibition morelikely results from a need either for reducing equivalents, as in the activation of Calvin cycle enzymes, or for the regulatory function of redox poising of the electron transport chain, as in control of activation of thylakoid-bound protein kinase by the redox state of plastoquinone (14) .
The concentration of DCMU in the chloroplasts in vivo cannot be measured directly; we observed that isolated chloroplasts from DCMU-treated plants had regained up to 40% of their02-evolving capability (data not shown). However, monitoring of the gas exchange of small leaf discs with anO2 electrode permitted us to observe (Fig. 7 ) that inhibition by DCMU was complete within about 2 h in thelight (using 400 /sM DCMU-a super-saturated solution) or after 4 h in the dark (with 200 /IM DCMU). Since in experiments1 and 2 of Table VII the DCMU was applied about 18 h before harvest, it is conceivable that its internal concentration became considerably higher than that needed to inhibit linear electron flow. However, in experiment 3, monitoring of the DCMU effect on 02 evolution in parallel samples showed that leaves were harvested for RNA measurement shortly after complete inhibition had occurred. Since the concentration of DCMU needed to inhibit cyclic electron flow partially is 1,000 times higher than that needed for equivalent inhibition of PSII (12) , certainly in experiment 3 of Table VII and most probably in others as well, added DCMU inhibited noncycic electron flow only.
The proteins made by thylakoid-bound polysomes most likely include those of the thylakoid membrane (1). Thus, the higher level of bound ribosomes on thylakoid membranes from very young leaves is no doubt an indication of their higher content of rapidly growing, younger plastids. Also, the light-induced increase means that thylakoid growth is probably slower in darkness but still appreciable. This contrasts with synchronized Chlamydomonas, where thylakoid-bound ribosomes are largely absent in the dark phase (6) , and spectinomycin hardly inhibited total cell protein synthesis in the dark.
The earliest effects of light observed in these studies were an increase in the number of bound polysomes (defined by the puromycin-released population) (TableV) and their activity in amino acid incorporation (Fig. 5 ). When these effects were seen in as little as 8 min, the total bound RNA showed little change.
The increase in the total amount of bound RNA usually took 20 to 45 min to become apparent, although the response was occasionally more rapid ( (Table IV) .
Release of ribosomes from the thylakoids may also require protein synthesis (Table IV 
